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GENERAL INTRODUCTION 
Agricultural production systems have historically been developed with the goal 
of maximizing yields, but more recently, researchers have also considered the efficiency 
of production systems and the environmental impacts of those systems. As profit 
margins become more narrow, the need for more intensive management of production 
systems is required. Examples of technological developments that may improve 
production systems include: low ground-pressure tractors, controlled wheel traffic, and 
subsurface injection of fertilizers with the spoke-wheel applicator. 
As farm and tractor size have increased, soil compaction problems have 
become more common. Increased farm size results in a greater likelihood of tillage 
and harvesting operations being performed on wet soils, which are more subject to 
compaction than dry soils. When most fields were moldboard plowed, many of the 
problems associated with compaction were masked by tillage. However, in 
conservation tillage systems, the compacted condition created by trafficking wet soils is 
relieved only gradually (Voorhees and Lindstrom, 1984). 
As an element of the production system, soil has many roles: 
-support for agricultural machinery 
-storage and transport of water 
-plant root environment 
-source of plant nutrients 
-complex biological system. 
The physical condition of the soil required for each of these roles is not necessarily 
compatible with other roles. In particular, the dense, high-strength, dry condition that 
is most advantageous for a traffic zone is not normally a favorable condition for root 
growth. Additionally, since most production systems use fertilizers and pesticides, the 
effect of the soil condition on the fate of these chemicals should also be considered. 
For example, denitrification losses of N fertilizer are greater under wet soil conditions, 
especially where oxygen is limited. Thus, placement of fertilizer in trafficked zones may 
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increase N loss relative to placement in less compacted, more aerated regions. 
Plant growth and yields can also be affected by compaction and the interaction 
of compaction and fertilizer placement. Bauder et al. (1985) reported reduced root 
length density for trafficked interrows compared with untrafficked interrows, and a 
smaller root system for no-till compared with other tillages. Raghavan et al. (1979) 
found that for corn yields, the optimum density for a high clay soil was 1.05 Mg m'^, 
which was developed by a cumulative contact pressure of 500 kPa. This density gave 
favorable moisture release to the crop in a dry year. 
Because soils differ widely in textures, moisture regimes, and landscape 
positions, crop and soil response to management practices also varies. Hilfiker and 
Lowery (1988) found yields for no-till to be higher than for moldboard plowing on 
sandy, well-drained soils. They advocated banding fertilizer in the plant row for no-till 
and ridge-till systems because of restricted root growth in wheel tracks on these tillage 
systems. Work by Gerik et al. (1987) on an Austin silty-clay soil with more than 40% 
clay indicated that even though bulk density and strength were substantially higher in 
the surface 0.15 m of traffic lanes than in non-trafficked areas, root growth was not 
different. They attributed the root growth in the trafficked areas to the availability of 
cracks and planes of weakness created by moisture-induced shrinking and swelling. A 
direct precursor of the studies reported here was performed in the greenhouse by 
Garcia et al. (1988). They evaluated water and N uptake efficiencies of corn plants in 
containers with four compaction treatments: no compaction, 1/3 vertical, 2/3 vertical, 
and 1/3 horizontal. The 1/3 vertical treatment simulated wheel traffic on one side, the 
2/3 vertical simulated traffic on both sides, and the 1/3 horizontal approximated soil 
conditions with moldboard plowing. The compacted layers (bulk density = 
1.6 Mg m'®) restricted root growth and affected the availability of water and N, 
compared to the uncompacted zones (bulk density = 1.16 Mg m'^). 
The objectives of the studies were to evaluate the effect of low-ground pressure 
tractors and controlled wheel traffic on soil physical properties that influence the plant 
rooting environment. 
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This dissertation is presented In the alternate format with three papers that will 
be submitted for publication In scientific journals. A General Introduction precedes the 
papers and a General Summary follows them. References mentioned in the general 
sections are presented after the General Summary. The first paper (Section I) is 
entitled 'Tractive Device Effects on Soil Physical Properties" and is coauthored by R. M. 
Cruse, D. C. Erbach, and S. W. Melvin. Section II is titled 'Tillage and Controlled 
Wheel Traffic Effects on Plant Rooting Environment" and is coauthored by R. M. Cruse 
and T. C. Kaspar. Section III is a methods paper entitled "A Soil Water Desorption 
Device Using Nylon-membrane Filters" and has R. M. Cruse and M. D. Ankeny as 
coauthors. Each paper contains an Abstract, Introduction, Materials and Methods, 
Results and Discussion, and References. Tables and figures in each paper appear in 
the text of the appropriate subsection. The coauthors listed contributed to the papers 
included in the dissertation, but in each instance the bulk of the planning, sampling, 
lab measurements, and data analysis was performed by the first author. All writing and 
preparation of tables and figures was done by the first author. 
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SECTION I. TRACTIVE DEVICE EFFECTS 
ON SOIL PHYSICAL PROPERTIES 
5 
ABSTRACT 
Soil compaction can alter the root environment positively or negatively, 
depending on soil physical properties and weather conditions. Crawler-tracked tractors 
have the potential for causing less soil compaction because the tracks usually have a 
greater surface area than wheels for tractors with equivalent power ratings. The 
objective of this study was to determine the effect of tracked and wheeled tractors on 
soil physical properties related to the plant rooting environment. Compaction plots 
were established on a Chequest silty clay loam soil (Typic Haplaquoll) in Lee County, lA 
in 1984. Uhland cores (75 mm diam.) were taken in August 1987 at 50-125 mm and 
125-200 mm depths from untrafficked areas and areas trafficked by steel-tracked, 
rubber-belted, two-wheel drive, and four-wheel drive tractors. Measurements included 
bulk density, saturated conductivity, air-filled porosity, and pore-size distribution. The 
untrafficked cores had lower bulk densities than trafficked cores at both depths, but 
lower bulk density was associated with lower ground pressure only for the 50-125 mm 
depth, which had been field cultivated after trafficking. Air-filled porosity at field capacity 
(1.0 m tension) followed the same trends as bulk density. The greater porosity of the 
untrafficked cores, compared to the trafficked cores, at both depths was due to pores 
> 30 nm equivalent pore diameters, while the only difference in pore-size distribution for 
trafficked cores was a greater porosity for the steel-tracked tractor than the wheeled 
tractors for the 60-300 /vm pores at the upper depth. Generally, the wheeled tractors 
(with ground pressures of about 100 kPa) created a more compacted condition in the 
soil than the tracked tractors (with ground pressures of 60-80 kPa) at the upper depth, 
but differences in trafficked cores below the 125 mm depth were minimal. 
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INTRODUCTION 
Soil compaction problems have Intensified as the mass and traction of 
agricultural tractors increases. Increasing farm size and the higher yield potential for 
early planted crops also increase the likelihood for trafficking of wet soil, which can be 
compacted more easily than dry soil. Soil compaction alters soil physical properties 
(Gupta et al., 1989; Douglas et al., 1980) and, in some cases, reduces crop growth and 
yields (Fausey and Dylla, 1984). 
By definition, compaction reduces the volume of air-filled soil pores. The 
reduction of pore volume and size can influence plant growth in several ways: pores 
that are smaller than root tips offer mechanical resistance to roots and may preclude 
root entry; small and discontinuous pores reduce the hydraulic conductivity and the 
infiltration rate thus resulting in less recharge of water into the soil profile; and small 
pores can decrease the diffusion rate of oxygen and other gases through the soil 
producing problems with aeration. 
A 'critical level' of 10% air-filled porosity (AFP), expressed on a total volume 
basis, is given by Wesseling and van Wijk (1957). Erickson (1982) agreed that the 
minimum limit of air capacity, defined as the soil volume fraction occupied by gases, 
for growth of common crops appears to be about 10% (on a total volume basis). 
Erickson (1982) also noted that air capacity changes with time and tillage and that 
oxygen diffusion rates for fall-plowed plots were reduced by more than 30% with spring 
traffic compared to no spring traffic. 
As soil bulk density increases, greater soil water tensions are required to reach 
the 10% AFP level (Grable and Siemer, 1968). The AFP essentially controls soil gas 
diffusion rates, which have substantial effects on root elongation (Grable and Siemer, 
1968) and soil microbial processes (Linn and Doran, 1984). Aerobic activity appears to 
be maximized at 60% water-filled pore space or 40% air-filled pore space on a relative 
pore volume basis (air-filled pores/pore volume). The 40% relative pore space 
corresponds to 20% AFP with a conversion based on 1.3 Mg m'® bulk density and a 
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2.6 Mg m'^ particle density). Anaerobic processes increase rapidly as the relative air-
filled pore space drops below 20% (Linn and Doran, 1984) or approximately 10% AFP. 
Agricultural traffic causes compaction which alters pore size distribution (Hill et 
al., 1985), water retention (Blackwell et al., 1986; Raghavan et al., 1979; Voorhees and 
Lindstrom, 1983), and oxygen diffusion rates (Erickson, 1982). If managed 
appropriately, traffic-induced soil changes may have positive effects (Voorhees and 
Lindstrom, 1983; Raghavan et al., 1979). The use of low ground pressure tractors Is an 
example of a management practice that may potentially benefit crop growth. For 
tractors with equivalent power ratings. Reaves and Cooper (1960) found ground 
pressures from a tracked tractor to be about half those of wheeled tractor at a given 
depth. 
The objective of this study was to evaluate the effect of tracked and wheeled 
tractors on soil physical properties that affect trafficability and plant rooting environment. 
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MATERIALS AND METHODS 
Field plots were established in 1984 on a Chequest silty clay loam soil (fine, 
montmorillonltic, mesic Typic Haplaquoll) in Lee County, Iowa. The soil has 0-5% slope 
and is formed on recently deposited alluvium of the Mississippi River. The flat 
topography and relatively high clay content (Table 1) result in poor drainage 
characteristics. 
Compaction plots were set out in a randomized complete block with six 
replications. Details of plot design and methods are given in Erbach et al. (1988}. 
Corn was planted each spring with a 16-row planter on 0,76 m row spacings. After fall 
han/est, each plot (9.75 m wide and 12.2 m long) was moldboard plowed and disl<ed. 
Table 1. Particle size analysis for Chequest silty clay loam at two depths 
Depth Sand Silt Clay 
m Mg Mg'^ 
0.00-0.15 17.3 43.4 39.3 
0.45-0.60 15.0 43.8 41.2 
Prior to corn planting, tractive device treatments were imposed by one pass of a 
tractor that pulled a field cultivator which performed secondary tillage to a 100 mm 
depth. Mean soil water contents at the time of trafficking were 24.4 and 26.1 kg"^ at 
the 0-150 and 150-300 mm depths, respectively. Tracked or wheeled areas were 
flagged for later measurements of soil and crop characteristics. 
Corn (Zea mays, L.) was planted at 69,700 seeds/ha on April 24, 1987, with corn 
rows perpendicular to the direction of traffic treatments. Corn was planted on the same 
day that compaction treatments were imposed. Preemergence herbicides and liquid 
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nitrogen (200 kg/ha) were applied to all plots. No postemergence cultivation was 
performed. 
In August 1987, Uhland cores (75 mm by 75 mm) were obtained from four of the 12 
tractive device treatment plots. Corn plants were nearing physiological maturity at the 
time that cores were collected. The tractive device plots that were sampled included: 
Caterpillar 200L steel-tracked,^ Challenger 65 rubber-belted. Versatile 875 four-wheel 
drive, and International 1566 two-wheel drive tractors. Details of tractor mass, track or 
tread width, and nominal ground pressures are given in Table 2. 
Table 2. Mass, track or tread width, and nominal ground pressure for tractive device 
treatments 
Track/ Nominal 
tread ground 
Tractive device IVIass width pressure 
kg m kPa 
Untrafficked 0 0.00 0 
Steel-tracked 10,300 0.76 60 
Rubber-belted 13,600 0.61 80 
Four-wheel drive 14,400 1.10 100 
Two-wheel drive 6,300 1.16 100 
^Company and product names are provided for informational purposes and do not 
constitute an endorsement of a particular product by Iowa State University or USDA-
ARS. 
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Cores were taken from both the trafficked and untrafficked areas of each plot at 
depths of 50-125 and 125-200 mm. The soil cores were stored at 4 °C until laboratory 
measurements were performed. Cores were desorbed in pressurized Buchner funnels 
(Klute, 1986) over a range of soil water tensions from 0.02 to 4.0 m. Saturated 
hydraulic conductivity was measured with a constant head of approximately 25 mm 
(Klute and Dirksen, 1986). Wet bulk density was determined from core volume and 
oven dry mass. 
Air-filled porosity (AFP) was calculated by subtracting the volumetric water 
content at a given tension from the measured saturated water content of each core. 
The water desorption method of determining porosity equates the soil-pore volume that 
drains in a tension step to the volume of water that is removed over the same tension 
step (Danielson and Sutherland, 1986). 
Pore size distribution was calculated by subtracting the volumetric water content 
at a given tension from the volumetric water content at a previous tension. Soil water 
tension was related to equivalent pore size diameter with the capillary rise equation 
(Russell, ,1973): 
d = 2a cos a / g p h 
where: 
d = pore diameter (mm) 
a = surface tension of water (dyn/cm) 
a = contact angle between soil water and matrix pores (degrees) 
g = acceleration of gravity (cm sec'^) 
p = density of water (g cm'^) 
h = soil water tension or height of capillary rise (cm) 
Tension steps were grouped into five pore diameter classes: 0.02-0.1 m (300-1500 //m); 
0.1-0.5 m (60-300 //m): 0.5-1.0 m (30-60 pm): 1.0-2.0 m (15-30 /im); and 2.0-4.0 m (7.5-
15 /^m). Because the cores were initially equilibrated at the 0.02 m tension, the >1500 
^m pore size class was dropped from the analysis. 
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RESULTS AND DISCUSSION 
Differences between depths and between untrafficked and trafficked cores were 
generally greater than differences among trafficked treatments. Differences between the 
wheel-type tractors (two and four wheel drive) were not significant for any 
response variable. Therefore, means of the wheel-type tractors were used in the 
statistical analysis presented and are shown in the tables and figures as the wheeled 
tractor treatment. Means of untrafficked cores In the four tractive device plots within a 
given replication were used for statistical analysis. 
Bulk Density 
Tractive device and depth had a significant effect on bulk density, but the 
tractive device by depth interaction was not significant. At the upper depth, the rank of 
bulk densities followed that of ground pressure, with the untrafficked cores having the 
lowest bulk density and the wheeled tractor cores having the highest bulk density. 
Cores from the steel tracked tractor plots had lower bulk densities than those from 
wheeled tractor plots, with the bulk density of soil cores from the rubber-belted tractor 
plots being intermediate and not different from bulk densities for steel-tracked or 
wheeled tractor plots (Table 3). 
At the 125-200 mm depth, the untrafficked cores and trafficked cores were 
significantly different, but lower bulk densities were not associated with lower ground 
pressures for the trafficked treatments. The lower bulk density at the upper depth may 
be attributed to the field cultivation that decreased bulk density near the surface. The 
lower depth was below the depth of tillage (approximately 100 mm). The bulk density 
measured at the lower depth is relatively high for Midwestern soils, and is indicative of 
the compactability of this soil due to texture and drainage limitations. Bulk densities 
above 1.2 Mg m*® have been reported to significantly reduce corn yields (Phillips and 
Kirkham, 1962). 
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Table 3. Bulk density, total porosity, saturated conductivity, and air-filled porosity as 
affected by tractive device and depth 
Tractive Bulk Total 
device® Depth density porosity 
*^sat^ AFPC 
mm Mg m'3 m® m'^ (im s'1 3 CO
 
UNT 50-125 1.28 0.497 26.0 0.178 
STT 50-125 1.39 0.449 13.0 0.097 
BAT 50-125 1.46 0.436 7.8 0.077 
WHL 50-125 1.50 0.425 2.7 0.047 
LSD 0.10 0.035 6.9 0.049 
UNT 125-200 1.40 0.453 12.6 0.099 
STT 125-200 1.57 0.411 1.9 0.037 
BAT 125-200 1.60 0.400 2.3 0.038 
WHL 125-200 1.59 0.408 2.0 0.031 
LSD 0.09 0.025 5.3 0.026 
^Tractive device treatments: UNT = untrafficked, STT = steel-tracked tractor, 
BAT = rubber belted agricultural tractor, and WHL = wheeled tractors. 
^Saturated hydraulic conductivity by the constant head method. 
®AFP is the air-filled porosity at 1.0 m soil water tension. 
Total Porosity 
Total porosity was greater for untrafficked cores at both depths than for trafficked 
cores, but there were no differences among tractive device treatments at either depth. 
As soil is compacted, a few large pores may be replaced by many small pores, so the 
13 
total porosity may not change as much as other properties, such as hydraulic 
conductivity, which depends on both pore size and continuity. 
Saturated Conductivity 
Untrafficlted soil cores had saturated conductivities almost an order of magnitude 
greater than some of the trafficked cores at both depths. The relationships among 
tractive device treatments for saturated conductivity were similar to those for bulk 
density, with steel-tracked tractor cores having greater saturated conductivity at the 
upper depth than the wheeled tractor cores. The average saturated conductivity for 
cores from the rubber-belted tractor plots at the upper depth was intermediate between 
that of cores from the steel-tracked tractor and wheeled tractor plots, but was not 
significantly different from those treatments. 
At the lower depth, the saturated conductivities were lower than at the surface 
and differences among trafficked cores were small. Even at low water tensions, water 
movement in this soil would be less than 0.2 m/day. The slow movement of water, 
along with flat slopes and high seasonal water tables, contributes to the drainage 
problems characteristic of this soil. This wetness makes the soil even more subject to 
compaction from agricultural traffic, and can be explained by the Proctor density 
relationships (Spangler and Handy, 1982). The optimum water content (at which a 
given compactive effort gives the maximum density) for this soil is 0.23 m^ m'® (Miller 
et al., 1978). The moisture content at the time of trafficking (0.24-0.26 m® m"^) was 
slightly greater than the optimum water content, but still in a range that would allow 
compaction to occur. The maximum bulk densities measured in this study (1.7 Mg m"^) 
are indicative of the efficiency of the compactive forces. 
Air-filled Porosity 
Air-filled porosity (AFP) at 1.0 m tension (approximately field capacity) is shown in 
Table 3. At water tensions lower than 1.0 m, soil pores greater than 30 nm diameter 
would be water filled, while above this tension, pores larger than 30 fim would be 
drained. If more than 10% of the pores are air-filled at 1.0 m tension, the diffusion rates 
of oxygen and COg should be adequate for plant growth (Grable and Siemer, 1968). 
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Air-filled porosities at 1.0 m tension follow the same trends as did bulk density 
and saturated conductivity, with untrafficked cores having higher AFP than trafficked 
cores at both depths and steel-tracked tractor cores having greater AFP than the 
wheeled tractor cores at the upper depth. Tractive device treatments that had 10% or 
greater AFP at 1.0 m tension included untrafficked cores at both depths and the steel-
tracked tractor cores at the upper depth. The rubber belted tractor cores from the 
upper depth had 10 % AFP at 4.0 m of tension, but the remaining cores had less than 
10% AFP even at 4.0 m of tension. Soil cores with less than 10% AFP at 1.0 m tension 
would be subject to aeration problems except under relatively dry conditions. 
The air-filled porosities of the compaction treatments can be compared with the 
water-filled pore space discussed by Linn and Doran (1984). Air-filled and water-filled 
pore space are complementary and sum to equal total porosity. Linn and Doran (1984) 
noted that the rate of anaerobic processes increased rapidly above 80% water-filled 
pore space or 20% air-filled pore space, expressed on a relative basis (vol. of water-
filled pore space/ vol. of pores). The relationship of water-filled pore space, expressed 
on a total volume basis varies with bulk density. Assuming a 2.6 Mg m'^ particle 
density and a 1.3 iVIg m"® bulk density, the conversion factor would be 0.5 and 20% 
relative air-filled pore space would correspond to 10% AFP (on a total volume basis). 
However, if the bulk density increases to 1.7 Mg m"®, the conversion factor becomes 
0.346 and the 20% relative air-filled pore space is equivalent to 6.9% AFP. Thus, to 
interpret the values of porosity given in the literature, one must determine whether the 
values are expressed on a pore volume or total volume basis and a conversion factor is 
required to obtain comparable porosity values. 
The relationship between AFP and soil water tension is presented in Figure 1. 
Differences in air-filled porosity among tractive device treatments increased with 
increasing tension up to about 1.0 m of tension, but remained nearly constant at 
tensions greater than 1.0 m. In order to linearize the AFP vs. soil water tension 
relationship, natural logs of AFP (expressed as percentages) were regressed against the 
natural logs of soil water tension (expressed as cm). The regressions were forced to 
go through the origin, because the value of AFP at zero tension should theoretically be 
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zero. Soil water tensions above 1.0 m were deleted from the regression, because the 
AFP vs. soil water tension relationship above 1.0 m tension was linear without the 
logarithmic transformations. The F tests for linearity were significant for both log 
tension and tractive device by log tension at both depths. 
. Means comparisons for the tractive device treatments at each depth were made 
by performing T tests on the slopes of the log AFP vs log tension relationships. The 
slopes and slope comparisons given in Table 4 demonstrate that AFP at both depths 
increased more rapidly with soil water tension for untrafficked cores than for trafficked 
cores. Lower ground pressures were associated with greater slopes for tractive device 
treatments at the upper depth, but not at the lower depth. 
Pore Size Distribution 
While AFP was analyzed with soil water tension as a continuous variable, the 
pore-size distribution is presented in discrete equivalent pore diameter classes (Figure 
2) calculated from soil water tensions. The AFP at a given tension is related to AFP at 
a successive tension, and thus is not independently distributed over soil water tension. 
However, the change in volumetric water content or AFP over a tension step is largely 
independent of the change of that response variable over an adjoining tension step. 
Therefore, comparisons of the effect of tractive device on porosity within an equivalent 
pore diameter class can be made. 
The largest differences in pore size distribution for untrafficked compared to 
trafficked soil cores was obtained for equivalent pore diameters > 60 nm at both 
depths. The tracked-type tractors (steel-tracked and rubber belted) had more porosity 
for equivalent pore diameter of 30-to-300 fivn than the wheeled tractors in the upper 
depth, but at the lower depth, the tendency towards greater porosity in the 15-300 ^m 
diameter pores was not significant for «=0.05. The porosity of cores from the lower 
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Table 4. Slopes and slope comparisons for log air-filled porosity regressed on log 
tension for tractive device treatments at two depths 
Tractive Slope Slope 
device® Depth Slope comparison^ difference 
mm 
1. UNT 50-125 0.714 1 vs 2 0.208 ** 
2. STT 50-125 0.506 2 vs 3 0.071 ** 
3. BAT 50-125 0.435 3 vs 4 0.076 ** 
4. WHL 50-125 0.359 
5. UNT 125-200 0.552 5 vs 6 0.281 ** 
6. STT 125-200 0.271 6 vs 7 -0.001 NS 
7. BAT 125-200 0.272 7 vs 8 0.004 NS 
8. WHL 125-200 0.288 
^UNT = untrafficked, STT = steel-tracked tractor, BAT = rubber-belted 
agricultural tractor, WHL = wheeled tractors. 
^Slope comparisons are made within a depth by a T test of the mean difference 
between the numbered tractive device treatments. 
^^Statistically significant at alpha=0.01. NS=not significant. 
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depth in the track-type tractor plots was slightly higher (*=0.10) than that of cores from 
the wheeled tractors in the 15-30 iim pore size class. 
Large pores are more easily compressed by trafficking than small pores 
because they have fewer particle-to-particle contacts to provide mechanical resistance 
to the pressure imposed by the track or wheel of the tractor. The data suggest that 
the soil pressures exerted by all tractors in this experiment were high enough to 
compress the large pores (> 60 //m). The untrafflcked cores had about four times as 
much porosity > 60 nm than the average of all the trafficked treatments. 
The increasing porosity with decreasing equivalent pore diameter of the wheeled 
tractor cores for pore sizes < 60 nm is indicative of the tendency for large pores to be 
compressed into smaller pores. Over this same range of pore classes, the porosity of 
the untrafflcked cores is nearly constant, while the porosity of the track-type tractors 
appears to reach a maximum for the 15-30 pm pore class. 
More conclusive evidence for increasing porosity with decreasing equivalent 
pore diameter might have been obtained if the desorption had been extended to higher 
soil water tension. However, Bullock et al. (1985) reported that pores < 6 ^m were 
unaffected by compaction. 
In summary, physical properties were significantly affected by trafficking, 
compared to no traffic, for all response variables measured. Even though the rubber-
belted tractor cores had bulk densities similar to those of the wheeled tractor cores at 
the upper depth, the rubber-belted tractor cores had air-filled porosity that increased 
more rapidly with tension than did the wheeled tractor cores. For the rubber-belted 
tractor cores the AFP at 1.0 m tension and the porosity of the 60-300 /am pore 
diameter class were intermediate between the steel-tracked tractor and wheeled tractor 
cores. The AFP of the cores from the low-ground pressure treatments (track-type 
tractors) was increased more by field cultivation than cores from the wheeled tractor 
plots. 
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SECTION II. TILLAGE AND CONTROLLED WHEEL TRAFFIC 
EFFECTS ON PLANT ROOTING ENVIRONMENT 
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ABSTRACT 
Tillage and wheel traffic have effects on soil physical properties that can impact 
plant, root growth. A field study was conducted on a Tama silty clay loam (Typic 
Argiudoll) in central Iowa. The main plot treatments were tillages: no-till, ridge-till, and 
chisel plow. Soil samples were taken with a Uhland core sampler on five dates from 
the 50-125 mm depth in three row positions; trafficked interrow, plant row, and 
untrafficked interrow. Measurements performed for all dates include bulk density and 
soil strength (with the fall-cone penetrometer). For cores sampled in May and Sept. 
1987, air-filled porosity and pore-size distribution were also determined. The bulk 
densities of the trafficked interrow positions were high enough to restrict, but probably 
not exclude root growth. Soil strength followed similar trends as bulk density, with the 
trafficked interrow position having the highest strength. The lowest bulk densities and 
strengths were found for the ridge-till plant row and chisel plow untrafficked-interrow 
positions. These treatments had the most disturbance due to cultivation and tillage 
operations. Air-filled porosities of the trafficked interrows generally had less than 0.10 
m® m"® porosity at 1.0 m soil water tension, which is below that required for adequate 
plant root aeration. Regression analysis of the air-filled porosity vs. tension relationship 
indicated that slopes of trafficked-interrow treatments were less than those of non-
trafficked cores in May, but in Sept., only chisel-plow untrafficked-interrow and ridge-till 
plant-row treatments had significantly higher slopes than the trafficked interrows. 
Trafficked interrows had substantially less macroporosity (> 60 /im pore diameter) than 
most non-trafficked row positions for both dates. In summary, the largest difference in 
physical properties was between trafficked and non-trafficked row positions. Trafficked 
interrows were uniformly compacted and had low air-filled porosities in all tillage 
systems. This is advantageous to support agricultural vehicles, but the compacted 
condition may limit root growth. 
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INTRODUCTION 
Tillage and wheel traffic create a dynamic, non-homogeneous soil condition 
that affects movement of air and water, and the growth and functioning of plant roots. 
Deep, full-width tillage usually creates an environment that is favorable for root growth, 
at least to the depth of tillage, because the soil is loosened by tillage and because 
nutrients are well distributed in the surface layer of soil. As the amount of tillage 
decreases, the surface layer of the soil tends to become more dense and compacted. 
Random wheel traffic compacts much of the surface area of the field. This densification 
process alters the availability of water, air and nutrients, and may require more intensive 
management to maintain productivity. 
While the optimum root environment can not be precisely defined for all soils 
and climates, certain soil characteristics have been correlated with plant growth. Tillage 
and traffic alter soil bulk density and soil mechanical impedance and thus influence the 
plant root environment (Cassel, 1982). Bulk densities of > 1.2 Mg m'^  have been 
shown to limit corn growth on a alluvial soil in Iowa (Phillips and Kirkham, 1962). 
Phillips and Kirkham (1962) also found that mechanical impedance, as measured with a 
needle penetrometer, was highly correlated to corn yields. Jones (1983) reported that 
root-limiting bulk densities are a function of the clay and silt content and that these 
limiting bulk densities ranged from 1.83 Mg m'® with no clay or silt to 1.40 Mg m"® with 
all clay and silt. 
Tillage and traffic also influence soil porosity, which can also affect plant growth. 
Air-filled pore space largely controls the diffusion rate of oxygen to plant roots, which 
can limit the root elongation rate (Grable and Siemer, 1968). Rigid pores smaller than 
about 0.2 mm diameter can prevent root entry (Wiersum, 1957). Hill et al. (1985) 
reported a tendency for moldboard-plowed soil to have greater pore volume for the 
> 150 /im pore size class than no-till or disked fields. However, wheel traffic was not 
controlled in the Hill et al. (1985) study, so differences due to tillage may have been 
confounded with traffic effects. Voorhees and Lindstrom (1984) noted that the effects of 
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tillage on tilth may be obliterated by wheel traffic, due to increased bulk densities in the 
wheel tracks In all tillage systems. 
If wheel traffic can be controlled (by establishing permanent traffic lanes), then 
rows and interrows can be managed with different goals. Trafficked interrows could be 
dense and have high soil strength to support machinery; plant rows could have 
moderate density to provide a favorable environment for seed germination and plant 
root growth; and untrafficked interrows could be less dense and more porous to 
facilitate movement of air and water through the soil. 
Controlled wheel traffic also allows for N fertilizer to be placed in a position 
where it may be more available to plants and less subject to denitrification or leaching 
losses. The trafficked-interrow position would tend to stay wet for longer periods of 
time than the other row positions, and would be a potential site for denitrification. 
Nitrogen in the untrafficked-interrow position might be more subject to leaching due to 
larger pores and higher hydraulic conductivity. Hamlett et al. (1986) determined that 
movement of anions under leaching conditions was largely vertical, and that ridge-tillage 
with N fertilizer placed in the ridge reduced anion leaching compared to flat no-till, 
especially at higher rates of simulated rainfall. Thus, the plant-row position may be 
favorable for fertilizer placement, since the fertilizer would be available for early plant 
growth and would have less potential for losses. 
Work by Garcia et al. (1988) suggests that in a greenhouse study, root growth 
was enhanced in zones with added fertilizer and that preferential root growth occurred 
in zones with favorable soil physical properties. Garcia et al. (1988) measured water 
and N uptake, and root growth from zones that simulated horizontal or vertical 
compaction in the field. Nitrogen placed in zones with bulk densities greater than 1.6 
Mg m'^  was less available to the corn plants than N placed in zones with a bulk 
density of 1.16 Mg m"® because of restricted root growth in the compacted zones. 
The objective of this study was to determine the effect of three tillage systems 
with controlled traffic on the plant rooting environment near the depth of fertilizer 
placement. 
26 
MATERIALS AND METHODS 
Field plots were established in 1985 on a Tama silty clay loam (fine-silty, mixed, 
mesic Typic Argiudoll) on a 2-5% slope in Marshall County, lA. Particle size analysis 
and organic carbon content for the Tama soil are given in Table 1. Corn (Zea mays L.) 
and soybean [Glycine max (L.) Merr.] were planted in three tillage treatments in a 
randomized complete block design with four replications. Each crop was grown in 
each year (1985-1987) with crops on a given plot being rotated annually. Tillage 
treatments were: no-till, slot planting with no preplant tillage; ridge-till, slot planting on 
ridges with no preplant tillage; and chisel plow, full-width fall chisel plowing with spring 
secondary tillage (double disking). All tillage systems were cultivated to control weeds 
about 40-45 days after planting, but more soil was moved into the plant-row position in 
the ridge-till system than in no-till and chisel plow so that ridges could be prepared for 
the next crop year. Preemergence application of herbicides was also made to control 
weeds. 
Table 1. Soil particle size analysis and organic carbon content for Tama soil from the 
50-125 mm depth 
Organic 
Soil Sand® Silt Clay carbon^ 
Mg/Mg 
Tama 0.028 0.672 0.300 0.021 
^Particle size analysis by the pipette method (Walter et al., 1978). 
'^ Organic carbon by Walkley-BIack method (Nelson and Sommers, 1982). 
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The tillage plots were split into three fertilizer placement treatments (in-row, 
interrow, and no fertilizer). A NPK solution (125-45-100 kg ha"'') was applied prior to 
planting at a depth of about 100 mm with a spoke-wheel applicator (Baker et al., 1985). 
Plots were 19.8 m in length and 5 rows wide (3.8 m). Wheel traffic was confined 
to the outside two interrows of the five row system. A wheel spacing of 2.29 m allowed 
equipment to span three plant rows and two untrafficked interrows. All machine 
operations, including harvesting and tillage were performed using the same traffic lanes. 
Uhland cores (76 mm diameter and height) were obtained from the in-row 
fertilizer placement treatment of each tillage on five dates; 20 Sept. 1985 (before 
harvest): 13 May, 1986 (before planting); 5 Nov. 1986 (after harvest); 12 May 1987 (after 
planting ); and 15 Sept. 1987 (before harvest). Cores were sampled in the corn year of 
the rotation, except in May 1986, when cores were taken from plots, previously cropped 
to corn, prior to soybean planting. All samples were taken from the 50 125 mm depth 
as measured from the soil surface. Samples were obtained from three row positions; 
a trafficked interrow, the plant row, and an untrafficked interrow. Samples were taken 
from the plots with fertilizer injected into the plant row. Row position was a split plot 
treatment with tillage as the main plot. 
Measurements performed on all cores include bulk density and soil shear 
strength. Strength was measured with the fall cone penetrometer (Hansbo, 1957). 
Strength determinations were averaged over three soil water tensions; 0.1, 0.3, and 0.5 
m, except for Sept. 1985, when 1.0 m tension was used instead of the 0.5 m tension. 
Cores taken in 1987 were desorbed on pressure cells over a range of soil water 
tension from 0.1 to 4.0 m (Klute, 1986). Air-filled porosity (AFP) was determined by 
subtracting the volumetric water content at a given tension from the saturated water 
content (Danielson and Sutherland, 1986). Pore-size distribution was evaluated as the 
incremental change in volumetric water content over a tension step, with tension 
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equated to equivalent pore diameter with the capillary rise equation (Russell, 1973): 
d = 2a cos a / g p h 
where: 
d = pore diameter (mm) 
. o = surface tension of water (dyn/cm) 
a = contact angle between soil water and matrix pores (degrees) 
g = acceleration of gravity (cm sec'^ ) 
p = density of water (g cm"®) 
h = soil water tension or height of capillary rise (cm) 
Tension steps were grouped into five pore diameter classes: 0-0.1 m (> 300 //m); 0.1 -
0.5 m (60-300 /im): 0.5-1.0 m (30-60 //m); 1.0-2.0 m (15-30 iim)-, and 2.0-4.0 m (7.5-15 
//m). 
Statistical analysis included analysis of variance for tillage and row position 
effects with single degree of freedom orthogonal contrasts to test planned component 
comparisons. Additionally, to evaluate position means across tillages, LSD calculations 
were made using a combination of the replicate by tillage and replicate by tillage by 
position error terms (Little and Hill, 1978). 
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RESULTS AND DISCUSSION 
Tillage and traffic effects on four response variables will be discussed: bulk 
density, soil strength, air-filled porosity, and pore-size distribution. Measurements for 
bulk density and soil strength will be reported for all five dates, while the later two 
variables will be discussed for the two dates in 1987. 
Bulk Density 
Tillage and traffic effects on bulk density means (Table 2) varied over date. 
Mean squares from the analysis of variance for tillage and position effects, as well as 
orthogonal contrasts for the five dates are given in Table 3. Averaged over row 
position and dates, the no-till plots had higher bulk density (Contrast 1), than ridge-till 
or chisel plow due to ridge-building cultivation in the ridge-till plots and tillage 
operations (fall chisel plow and spring double disking) in the chisel plow plots. The 
ridge-till plots had higher average bulk density than chisel plow plots (Contrast 2) in 
Nov. 1986 and May 1987 largely due to lower bulk density for the chisel plow-
untrafficked-interrow position. 
The effect of row position on bulk density was highly significant for all dates with 
the trafficked interrow position having higher bulk density (Contrast 3) than either the 
plant row or the untrafficked interrow. Wheel traffic created similar bulk densities in the 
trafficked interrow position regardless of tillage system. 
The plant-row position had a lower average bulk density than the untrafficked 
interrow (Contrast 4) in 1985 and 1986 (especially in the no-till and ridge-till plots), but 
not in 1987. Differences between the plant row and untrafficked-interrow positions in 
the chisel plow plots were generally small, except in May 1987, after planting. The 
planter appears to have loosened soil in the plant-row position of the no-till and ridge-till 
plots, compared to the untrafficked-interrow position in those tillages. The ridge-till-plant 
row plots have relatively low (1.06 Mg m'^ ) bulk density following ridge-building 
cultivation. 
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Table 2. Bulk density means for three tillage systems, three row positions, and five 
dates 
Date 
Till- Posi- 20 Sept. 13 May 5 Nov. 12 May 15 Sept. Mean 
age® tion*^ 1985 1986 1986 1987 1987 '85-'87 
•Mg m'®--
NT Tl 1.37 1.44 1.36 1.39 1.38 1.39 
NT PR 1.12 1.22 1.22 1.20 1.20 1.19 
NT Ul 1.35 1.38 1.27 1.27 1.27 1.31 
RT Tl 1.32 1.40 1.42 1.40 1.34 1.38 
RT PR 1.11 1.15 1.05 1.13 1.06 1.10 
RT Ul 1.26 1.34 1.35 1.18 1.12 1.25 
CP Tl 1.31 1.37 1.42 1.35 1.38 1.37 
CP PR 1.12 1.14 1.14 1.12 1.14 1.13 
CP Ul 1.10 1.17 1.13 0.98 1.15 1.10 
®NT = no-till, RT = ridge-till, CP = chisel plow. 
M"! = trafficked interrow, PR = plant row, Ul = untrafficked Interrow. 
^Means within a date are base on four replicates, except for the overall date 
mean, for which n = 20. 
Table 3. Analysis of variance and orthogonal contrast mean squares for influence of tillage, row position, and date on 
bulk density 
Date 
20 Sept. 13 May 5 Nov. 12 May 15 Sept. Mean 
Source df 1985 1986 1986 1987 1987 '8S'87 
Block (B) 3 0.0061 0.0381** 0.0046 0.0085 0.0208 0.0321* 
Till (7) 2 0.0303 0.0343* 0.0106* . 0.0537** 0.0346 0.1343** 
NT vs. Others (CI) 1 0.0451* NE.® 0.0093 0.0671** 0.0548 0.2206*** 
RT vs. CP (C2) 1 0.0156 NE. 0.0119* 0.0404** 0.0144 0.0530* 
B XT 6 0.00708 0.0040 0.0020 0.0038 0.0078 0.0070 
Pos (P) 2 0.1422*** 0.1469*** 0.2074*** 0.2216*** 0.1810*** 0.8388*** 
Tl vs. Others (C3) 1 0.1984*** 0.0960*** 0.3433*** 0.4430*** 0.3470*** 1.4901** 
PR vs. Ul (C4) 1 0.0860*** 0.0861*** 0.0716*** 0.0003 0.0149 0.1876*** 
TX P 4 0.0167** 0.0077 0.0364*** 0.0202** 0.0054 0.0598*** 
01 X 03 1 0.0019 0.0036 0.0324*** 0.0232* 0.0176 0.0644** 
01 X 04 1 0.0325** 0.0026 0.0093* 0.0177 0.0019 0.0188 
02X03 1 0.0047 0.0030 0.0055 0.0048 0.0002 0.0137 
02X04 1 0.0275** 0.0233 0.0986*** 0.0352* 0.0022 0.1462*** 
Error 18 0.0037 0.0062 0.0015 0.0047 0.0088 0.0082 
^N.E. = Non estimable, due to missing values for chisel plow treatment. 
*, **, and *** indicate significance at alpha = 0.05, 0.01, and 0.001, respectively. 
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Bulk density in the untrafficked-interrow position varied across tillage systems, 
with the no-till and ridge-till having higher bulk density than chisel plow. The chisel 
plow system received both fall and spring tillage that reduced the density of the 
untrafficked-interrow position. In May 1987, after planting, the bulk density of the chisel 
plow-untrafflcked interrow was 0.98 Mg m"®, which was the lowest bulk density 
measured during the study. 
Except for CI X C4, the tillage by position interaction contrasts were significant 
for at least some dates. Changes in significance over dates illustrates the temporal 
nature of bulk density relative to the timing of machine operations. The C1 X C3 
contrast was significant because the differences among row positions for the no-till 
system were less than for the other tillages. The significance of the C2 X C4 contrast 
was due to the higher bulk density of the untrafficked-interrow position in ridge-till 
compared to chisel plow. 
Soil Strength 
Means of soil strength, averaged over block and soil water tension, are 
presented in Table 4. Analysis of variance (Table 5) shows that tillage only had a 
significant effect on strength in Sept. 1987, with chisel plow having higher strength than 
ridge-till. 
The effect of position was highly significant for all dates, with trafficked 
interrows having about three times more strength than either the plant row or 
untrafficked-interrow positions (Contrast 3). Averaged over tillage, strengths of plant 
row and untrafficked-interrow cores were not different (Contrast 4). 
While the tillage by position interaction was only significant for the Nov. 1986 
date and for date means, some orthogonal contrasts were significant for other dates. 
Contrast CI X C3 was significant for Sept. 1985, because the difference between no-till 
trafficked interrow and the non-trafficked no-till plots was less than the difference 
between trafficked interrow and non-trafficked positions for ridge-till and chisel plow. 
The differences were largely due to higher strength in the trafficked interrow position of 
the ridge-till and chisel plow tillage systems. In general, the no-till had less fluctuation 
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in strength In all three row positions due to less disturbance (tillage and cultivation) 
than the other tillage systems. 
The highest strengths for the Nov. 1986 and Sept. 1987 dates were recorded for 
the chisel plow-trafficked interrow cores, which contributed to the significance of 
Contrast 02 X C3 for those two dates. Tillage decreases soil strength, and if traffic 
occurs before the soil regains its natural strength, it can be recompacted to produce a 
high strength condition. 
Even though the magnitude of differences among tillage and position treatments 
was greater for strength measurements than for bulk density, bulk density was more 
affected by treatments than soil strength, as evidenced by the greater number of 
significant effects in the analysis of variance. This may be due to the precision of 
strength measurements compared with that of bulk density, as well as the differences in 
scale of measurement. Strength determination in a relatively dense core may be 
influenced by a soil volume of about 10 mm® compared with a volume of 3.45 X 10® 
mm® for the bulk density determination. 
The combination of bulk density and soil strength influence the production 
system in several ways. Zones of high strength and density, such as the trafficked 
interrow for all tillages, provide favorable paths for support of agricultural machinery. 
However these same zones may not be favorable for plant root growth (Jones, 1983). 
Bulk density and strength in the no-till untrafficked-interrow were relatively high for the 
first two dates, but bulk density and strength decreased at that position for the last 
three dates. Except for the no-till untrafficked-interrow position, other non-trafficked 
tillage-position treatments had bulk density and strength that would probably not limit 
root growth. 
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Table 4. Soil strength means for three tillage systems, three row positions and five 
dates 
Date 
Till- . Posi­ 20 Sept. 13 May 5 Nov. 12 May 15 Sept. Mean 
age® tion*^ 1985 1986 1986 1987 1987 '85-'87 
-kPa 
NT Tl 84.1° 87.6 161.4 129.8 146.1 121.8 
NT PR 66.1 38.3 70.3 30.2 28.9 46.7 
NT Ul 87.9 56.5 37.5 38.0 37.8 51.5 
RT Tl 125.6 65.5 188.4 136.3 70.9 117.4 
RT PR 53.4 24.7 32.8 16.1 16.2 28.6 
RT Ul 68.2 34.9 99.9 17.4 26.9 49.5 
CP Tl 121.9 114.2 259.1 106.3 176.8 157.9 
CP PR 51.8 22.4 43.3 24.1 56.3 40.5 
CP Ul 49.6 16.5 47.9 9.3 38.8 33.3 
®NT = no-till, RT = ridge-till, CP = chisel plow. 
^1 = trafficked interrow, PR = plant row, Ul = untrafficked interrow. 
^Each observation is the mean of four replicates, except for the overall date 
mean, for which n=20. 
Table 5. Analysis of variance and orthogonal contrast mean squares for effect of tillage, row position, and date on 
soil strength 
20 Sept. 13 May 5 Nov. 12 May 15 Sept. Mean 
Source df 1985 1986 1986 1987 1987 '85-'87 
Block (B) 3 9897.1** 3847.3* 648.6 5161.9 1180.4 3720.1 
Till m 2 193.1 1102.4 2250.9 1128.3 8488.3* 1481.0 
NT vs. Others (CI) 1 6.6 NE.a 3933.3 1654.5 350.7 527.4 
RT vs. CP (C2) 1 379.5 NE. 568.5 602.2 16625.8** 2380.6 
B XT 6 595.0 286.2 2288.7 1130.4 1098.1 2148.7 
Pos (P) 2 9504.*** 11791.** 87715.*** 41349*** 37730.*** 157100.*** 
Tl vs. Others (C3) 1 18222.*** 7497* 174418.*** 82677.*** 75457.*** 313049.*** 
PR vs. Ul (C4) 1 786.3 303.2 1012.7 20.8 2.8 1152.1 
TX P 4 1817.3 1305.8 6941.9* 469.0 2621.7 4805.7* 
CI X C3 1 6601.5* 1056.3 6439.9 139.2 979.13 5715.0* 
CI X 04 1 319.4 324.9 6268.7 279.9 201.3 33.4 
C2X 03 1 54.5 3980.9 11155.7* 1197.2 8513.9* 10143.3** 
02X04 1 293.6 224.2 3903.5 259.9 792.6 3660.9 
Error 18 976.8 1254.0 2319.2 2294.9 1368.6 1862.3 
^NE = non estimable due to missing values in chisel plow plots. 
*, **, and *** indicate significance at alpha = 0.05, 0.01, and 0.001, respectively. 
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Air-filled Porosity 
Several aspects of tillage and position effects on air-filled porosity (AFP) will be 
discussed; the analysis of variance for tillage, position, and tension effects on air-filled 
porosity, the relationship of air-filled porosity and soil water tension, the values of air-
filled porosity at 1.0 m tension, and the slopes of the natural log of air-filled porosity 
regressed against the natural log of soil water tension. 
Tillage significantly affected AFP in May 1987, but not in September (Table 6). 
In May, the chisel plow plots had higher AFP, but in Sept., the increased AFP of the 
ridge-till-plant-row position minimized tillage differences. The effects of position, 
tension, and position were significant for both dates, but tillage by position was 
significant only for the May date. The trafficked-interrow position had the lowest AFP 
at all tensions for all tillages and the AFP of the trafficked-interrow cores increased 
more slowly with increasing tension than non-trafficked positions. The significance of 
the position by tension was largely due to the higher AFP for the chisel plow 
untrafficked-interrow cores at low tensions compared to untrafficked-interrow for the 
other tillages. 
The relationship of air-filled porosity over tension for the three tillages and 
three row positions is shown for May 1987 and Sept. 1987 in Figures 1 and 2, 
respectively. The dashed line shown at air-filled porosity = 0.10 m"^ is the critical 
level of air-filled porosity for adequate plant aeration and respiration (Erickson, 1982). 
Because the theoretical value of air-filled porosity at zero tension should be zero, the 
critical air-filled porosity should be taken at some tension value greater than zero. An 
appropriate value is 1.0 m tension, which is approximately field capacity (Marshall and 
Holmes, 1979), or the energy state of water when gravitationally held water has been 
drained from large pores (> 30 ^m). Under normal weather conditions, the soil water 
tension will remain close to 1.0 m for extended periods of time. Thus, if aeration 
problems occur at the 1.0 m tension, their duration may be long enough to impair 
plant growth. 
The air-filled porosity at 1.0 m tension for tillage and position treatments is 
shown in Table 7, along with the slopes of log air-filled porosity vs. log tension. 
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Differences among tillage treatments in IVlay 1987 were significant, with no-till having 
the lowest air-filled porosity and chisel plow having the highest air-filled porosity. While 
no-till also had lower air-filled porosity in Sept. 1987, differences among tillage systems 
were not significant. The trafficked-interrow position, averaged over tillages, had lower 
air-filled porosity than non-trafficked positions for both dates. The air-filled porosity of 
the trafficked-interrow position was less than the critical level of 0.10 m® m*^, except 
for the ridge-till in Sept. 1987. The plant-row positions did not differ among tillage 
systems for either date. The chisel-plow untrafficked-interrow had the highest air-filled 
porosity In May 1987 (it also had a 0.98 Mg m"® bulk density) and the no-till 
untrafficked-interrow had the lowest air-filled porosity for a non-trafficked treatment. 
To evaluate the rate of change in air-filled porosity with an increase in tension, 
regression analysis of the log-log relationship was performed. Air-filled porosity was 
converted to percent and tension to cm before applying the log transformation so that 
negative logs could be avoided. The regression was also forced to pass through the 
origin, in which case air-filled porosity = 1% and tension = 1 cm. The log-log model 
had a higher than the original air-filled porosity vs. tension model and the log-log 
model was largely linear. High slope in the log-log model indicates that AFP is 
increasingly rapidly with increasing tension, whereas low slopes indicate potential 
aeration problems. 
Within row position, slopes of the trafficked-interrow and plant-row positions 
did not vary among tillage systems in May 1987, but chisel-plow untrafficked-interrow 
had a greater slope than ridge-till or no-till untrafficked interrow. The plant-row 
positions in all tillages did have greater slopes than the trafficked-interrow position in 
May 1987. In Sept. 1987, the ridge-till-plant row and chisel-plow untrafficked-interrow 
positions had higher slopes than the trafficked interrow in all tillage systems. Low 
slopes in the trafficked-interrow positions are due to loss of large diameter pores, 
which will be discussed in the next subsection. 
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Table 6. Analysis of variance mean squares for tillage, position, and tension effects on 
air-filled porosity for Uhland cores sampled in May and Sept. 1987 
May 1987 Sept. 1987 
Source df Mean square df Mean square 
Block (B) 3 0.0118 3 0.0106 
Tillage (T) 2 0.0255* 2 0.0205 
B  X T ^  6 0.0036 6 0.0139 
Position (P) 2 0.2129*** 2 0.1429** 
TX P 4 0.0263** 4 0.0146 
B X T X p b  17C 0.0055 18 0.0171 
Tension (Tn) 7 0.0422*** 7 0.0255 
T X T n  14 0.0001 14 0.0002 
P X T n  14 0.0016** 14 0.0012** 
T X P X Tn 28 0.0002 28 0.0001 
Error C 182 0.0001 189 0.0001 
®Error for testing tillage. 
^Error for testing position and tillage by position. 
CQne core did not desorb adequately and was dropped from the analysis. 
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Table 7. Air-filled porosity (AFP) at 1.0 m tension and slopes of log air-filled porosity 
(LAPP) regressed against log tension (LTEN) 
May 1987 Sept. 1987 
Till­ Posi­ AFP at Slope AFP at Slope 
age® tion'' 1.0 m ten. LAFP/LTEN 1.0 m ten. LAFP/LTEN 
mS m'3 m® m'3 
NT Tl 0.082° 0.437 0.092 0.462 
NT PR 0.166 0.572 0.153 0.547 
NT Ul 0.124 0.515 0.131 0.529 
RT Tl 0.075 0.421 0.106 0.472 
RT PR 0.171 0.579 0.206 0.624 
RT Ul 0.158 0.565 0.141 0.525 
CP Tl 0.081 0.427 0.092 0.459 
CP PR 0.168 0.575 0.170 0.568 
CP Ul 0.225 0.640 0.185 0.597 
LSD 0.037 0.059 0.070 0.118 
®NT = no-till, RT = ridge-till, CP = chisel plow. 
^1 = trafficked interrow, PR = plant row, Ul = untrafficked interrow. 
^Each value is the mean of four replicates. 
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Pore-size Distribution 
Pore-size distributions (Figs. 3 and 4) siiow ttie incremental change in porosity 
(on a total volume basis) for the three positions within tillages for the two dates in 
1987. Porosity is graphed for five equivalent pore diameter classes that were obtained 
from the same desorption data used to calculate air-filled porosity. Pores greater than 
60 /im diameter were considered to be macropores (Bullock et al., 1985). The 
magnitude of tillage and traffic effects on macroporosity was greater than on pores < 
60 ^m diameter. 
While tillage had a significant effect on incremental porosity only in May 1987, 
the position effect was significant for both dates. Pore diameter and the tillage, 
position, and date interactions with pore diameter were significant. 
Averaged over pore diameter classes, chisel plow had a greater porosity than 
no-till in May 1987, and non-trafficked positions had greater porosity than trafficked 
interrow for both dates. The incremental porosity did not differ among tillage systems 
for cores taken from the trafficked-interrow position. The macroporosity of the 
trafficked interrow position was lower than that of the non-trafficked positions for all 
tillages, except for the > 300 lim pore class in the no-till treatment. Porosity in the 15-
60 jum pore class in Sept. 1987 was greater for the ridge-till trafficked interrow cores 
than for chisel plow trafficked-interrow cores, probably a consequence of the ridge-
building cultivation performed in June 1987. 
In general, the porosity of the plant-row position was greater or at least not 
significantly lower than other row positions for all tillages on both dates. The amount 
of porosity in the plant-row position is due to the presence of old root channels and 
the mounding of soil onto the plant rows during cultivation. 
In May 1987, the chisel-plow untrafficked-interrow position had greater 
macroporosity than any other tillage-position combination. This position had about 
20% of the total volume in macropores and also had a very low bulk density (0.98 Mg 
m"3) resulting from the spring tillage. Subsequent recompaction during the growing 
season reduced the porosity of the chisel-plow untrafficked-interrow position in the 60-
300 /im pore class, but not in the > 300 /im pore size class. Apparently, the 
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the largest tillage-created aggregates were not destroyed by rainfall or other 
compactive processes. Bullock et al. (1985) obsen/ed that air-filled pore volumes were 
greater in fall than in spring on plots without traffic. 
The air-filled porosity and pore-size distribution relationships indicate differences 
in row positions across tillage systems that may impact root growth and fertilizer 
uptake efficiency. The trafficked interrow position in all tillages was dense, had less 
than 0.10 m® m"® air-filled porosity at 1.0 m tension (with one exception), and tended 
to have less porosity in all pore size classes. These characteristics create a potential 
for limitations to root growth with respect to aeration and entry of root tips into small 
diameter pores. If roots are excluded from wheel-trafficked zones, uptake of non-
mobile nutrients, such as P and K, would be decreased. The low air-filled porosity in 
the trafficked interrow position could also lead to higher rates of denitrification than 
other row positions. While roots may readily grow in untrafficked interrows, the large 
amount of macroporosity in the chisel-plow untrafficked-interrow position may cause 
the soil to dry more rapidly, and would provide channels for high rates of infiltration 
that may be accompanied by high losses of nitrate. However, the greater porosity may 
reduce runoff and provide aeration for plant roots during wet periods. The plant-row 
position in all tillage systems seemed to have favorable conditions for root growth 
(adequate aeration and pore sizes that would allow root growth). While under extreme 
conditions, N fertilizer would be subject to denitrification or leaching in the plant-row 
position, it would be available earlier than N placed in the interrow position, and so 
may have a higher rate of uptake in the early part of the growing season. Anderson 
(1987) found that most of the root system of corn plants was directly below the plant. 
Thus, the probability of root interception of nutrients placed below the plant row would 
be greater than for nutrients placed in the interrow. 
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SECTION III. A SOIL WATER DESORPTION DEVICE 
USING NYLON-MEMBRANE FILTERS 
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ABSTRACT 
An apparatus to measure soil-water desorption was designed and constructed 
with nylon-membrane filters. The soil-water desorption measurement is important 
because it allows prediction of the movement and storage of water and solutes in the 
soil.. Water is desorbed from either field or remolded soil samples by applying 
successively greater pressures with compressed air. The water that drains is an 
indication of the amount of water that is held under a given energy state. The 
measurement of soil-water desorption is used both for agronomic and environmental 
research. 
The nylon-membrane filter apparatus uses acrylic rings and plates to form a 
pressure cell that contains the soil sample being desorbed. The nylon-membrane filter 
is placed in a cell assembly that includes an acrylic ring sealed with silicone to a top 
plate and sealed with a rubber gasket to a bottom plate. Individual cells can be linked 
with a supply manifold to a source of regulated compressed air in order to establish 
pressure potentials on the samples within the cell. 
The costs of construction for the nylon-membrane filter apparatus are about 
$50-140 per cell less than comparable Buchner funnels or Tempe cells. The nylon-
membrane filter apparatus is also easier to use than tension tables, which require that 
samples be removed for weighing. 
In summary, this is an inexpensive device that can be used to measure soil-
water desorption characteristics that are needed for a wide range of research topics. 
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INTRODUCTION 
The measurement of the soil water retention characteristic is frequently 
performed due to its importance in understanding and modeling transport and storage 
of water in the soil. The measurement of water retention in pores that drain at 
relatively high pressure potentials are of particular Interest, since these pores are 
affected by management practices such as tillage and traffic. Bullock et al. (1985) 
determined that pores that drain at pressure potentials of -5.0 m or more (6 pm pore 
diameter) are largely unaffected by the effect of soil compaction induced by wheel 
traffic. Water retention of soil with pore diameters that are smaller than about 3 fim 
(pressure potential of -10.0 m) is largely determined by soil texture. Laboratory 
characterization of water retention of soils with structural features such as earthworm 
holes, root channels, cleavage planes, etc. should be performed on "undisturbed" 
samples, such as Uhland cores. 
Laboratory equipment to measure water retention includes components to 
establish, a soil water potential gradient, so that the soil sample water content can be 
measured over a range of potentials. Soil water potentials can be established by 
pneumatic pressures, hanging water columns, or vacuum. A soil water pressure 
gradient may be established across a ceramic plate, fritted glass disk, membrane, 
glass beads, sand, silt, or other materials that have air-entry values greater than the 
maximum pressure potential of interest. 
Several methods are presently available to measure water retention at low 
pressure potentials, but each has some disadvantages (Klute, 1986). Desorption 
apparatus that have been used to measure water retention include; tension tables 
(Topp and Zebchuk, 1979), Buchner funnels, and Tempe cells. Tension tables are 
relatively Inexpensive, but require frequent maintenance in order to prevent air entry. 
Materials that provide small pore sizes for lower pressure potentials (-5.0 m) drain 
somewhat slowly and require equilibration times as long as 12 days. If cores are 
removed from the tension table for weighing and then equilibrated to a different 
potential, the continuity of the water film between the soil core and the surface of the 
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tension media may be difficuit to reestablisii. Soil cores on tension tables are also 
exposed to atmospheric pressures during weighing, which may lead to evaporation. 
While Buchner funnels and Tempe cells are individualized and outflow can be 
monitored, both are costly, and Buchner funnels are subject to breakage. Also, the 
ceramic or fritted glass plates employed in the construction of these devices are 
subject to plugging with silt-and-clay-sized soil particles. 
McCoy (1989) described two porous plastic sheets that could be used to 
establish a hydraulic gradient within a Tempe cell for bubbling pressures up to about 
69 kPa. This material has high conductance rates (0.2 h*^) and may be substituted for 
the nylon membrane filters in a desorption device. However, if the porous plastic 
material is used in a Tempe cell, as the author suggests, the cost per unit is still in 
excess of $160.00 per unit. 
This note describes the construction and use of a soil water desorption 
apparatus that can be constructed easily and with less cost than other available 
systems. 
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MATERIALS AND METHODS 
Design 
A desorption apparatus was designed to use nylon membrane filters installed in 
pressure cells to provide a pressure potential gradient and allows successive pressure 
settings up to -10.0 m of pressure potential. 
The nylon filter membranes are available in a range of sizes and pore diameters 
from Micron Separations Inc.^ (135 Flanders Rd. Westboro MA 01581). The nylon-
membrane filters range from 0.22 nm to 5.0 pm in pore diameter, from 13 to 293 mm in 
overall diameter, and 120 nm in thickness. The filters are hydrophilic, have high flow 
rates, and are resistant to most organic solvents. 
Individual cell sizes can be varied according to the size of soil sample desired, 
but a convenient chamber size might be 102 mm diameter, which would allow for a 76 
mm diameter Uhland core to be desorbed. Details of an individual cell assembly are 
shown In Fig. 1. The nylon-membrane filters are supported by 12.7 mm thick acrylic 
plates which have 3.2 mm diameter holes drilled in three concentric circles with radii of 
20, 40, and 60 mm from the center of the plate. A nylon mesh spacer is placed 
between the acrylic plate and the nylon-membrane filter to allow the flow of water 
between the nylon-membrane filter and the bottom plate. Above the nylon-membrane 
filter, a rubber gasket seals the interface between the nylon-membrane filter and the 
acrylic ring. The top of the acrylic ring is sealed by a silicone gasket injected into the 
T top plate. The entire assembly is held together by 6.35 mm diameter bolts secured 
with hexagonal nuts on the bottom and wing nuts on the top. 
Below each cell assembly is a polyethylene funnel that empties into a graduated 
cylinder. The cylinders can be weighed to an accuracy of 0.01 g on many lab 
^Company and product names are presented for informational purposes and do 
not constitute an endorsement by Iowa State University or the USDA-ARS of a particular 
product over similar products. 
53 
-Rubber Gasket 
Nylon Membrane Filter 
' Nylon Mesh Spacer 
A-^blng CAO I I i^aqiacr 
4~Top Plate 
Acrylic 
Cylinder 
Bia—ui ^ • -ïamga 
Silicone Sealant 
in Machined Grove 
Soil Sample 
W W 
yethylene 
Funnel 
Bottom Plate 
PJywood Support 
Graduated 
Cylinder 
Figure 1. Pressure cell assembly components 
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balances, giving an accurate measure of the water desorbed over a given pressure 
Interval. The gap between the funnel and the cylinder can be covered by Parafilm or 
polyethylene, or can be fitted with a rubber stopper to reduce evaporation. The 
connection should not be air tight, however, because the lower boundary of the nylon-
membrane filter should be a atmospheric pressure. 
Individual cell assemblies may be linked by a supply manifold to allow 
desorptlon of multiple cores at the same time using one pressure regulation system. 
Compressed air from an air compressor or portable tank can be stepped down with a 
primary pressure regulator to Increase the uniformity of pressure developed by the 
secondary pressure regulator (Fig. 2). Low-pressure manifolds to regulate air pressure 
in the O-to-350.0 kPa range are available from Soil Test (86 Albrecht Dr. Lake Bluff, IL 
60044). The air supply may be routed through Erienmeyer flasks: the first to provide a 
water trap and the second to humidify the pressurized air. A relief valve placed in line 
after the humidifying flask allows excess pressure to be bleed out of the system when 
changing pressure settings. On the terminal side of the air pressure system is a 
manometer that can be used to precisely set pressure. 
The cost of materials for an individual cell is less than $10.00, while labor costs 
will vary, but should not exceed $10.00 per unit. A substantial portion of the costs of 
the system will be due to accessory equipment such as the pressure manifold and air 
compressor (If compressed air Is not already available in the lab). The cost per unit of 
accessory equipment can be reduced by increasing the number of individual pressure 
cells. 
Compressed 
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Pressure—/ 
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C Shutoff Supply 
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Figure 2. Desorption apparatus system with multiple pressure cells 
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System Setup 
With the acrylic rings and top plates removed, the nylon mesh and nylon-
membrane filter are centered in the bottom plate according to marks previously 
inscribed on the surface of the bottom plate. The lower surface of the nylon-
membrane filter is coated with vacuum grease in the area that fits under the acrylic 
ring, but not in the area where the soil core will be placed. The rubber gasket, which 
is also coated with a thin layer of vacuum grease on the lower side, is placed on top 
of the nylon-membrane filter. The acrylic ring is placed on top of the nylon-membrane 
filter and de-aired water added to the cell. 
Before placing the soil sample, the system should be checked for air leaks at 
the highest pressure potential of interest. The assembly can then be maintained in 
place, except for the upper plate, which must be removed to allow placement of the 
soil core. The soil core is placed in the center of the acrylic ring and then the top 
plate is bolted in place. 
The method of water addition depends on the type of drainage curve required. 
If an initial draining curve (Klute, 1986) is desired, the funnel can be stoppered, filled 
with de-aired water, and a vacuum can be applied to the manifold, thereby wetting the 
soil sample from below. For a main drainage curve, water can simply be added to 
the cell to some depth, the top plates bolted in place, and free water can be allowed 
to drain out of the system. 
57 
RESULTS AND DISCUSSION 
The performance of the nylon-membrane filter apparatus was compared to that 
of Buchner funnels by desorbing half of the replicate samples (four replications total) 
from a tillage experiment in each systems. The effect of apparatus on volumetric water 
content was not significant when averaged over pressure potentials and the apparatus 
by pressure potential interaction was not significant. The mean of volumetric water 
contents measured with nylon-membrane filter was within 0.0001 m^ m"® of the mean 
for measurements made on Buchner funnels. 
The mean difference between volumetric water contents over a range of 
pressure potentials from -0.10 to -4.0 m is shown in Figure 3. The greatest volumetric 
water content difference (0.009 m® m"®) between systems was measured at the highest 
pressure potential, -0.01 m., with the Buchner funnels having the higher water content. 
Flow Rates 
The nylon-membrane filter had average flow rates of 54 mm® s'^  compared to 
1.9 mm® s*^ for the Buchner funnels at high water potentials (-0.04 to -0.08 m). The 
ceramic plates in the Buchner funnels are thicker (6.0 mm) compared with the nylon-
membrane filters (0.12 mm) and have pore diameters of about 6 /im. The pore 
diameter of the nylon-membrane filters used was 0.45 jum. On the basis of pore 
diameters, the nylon-membrane filters would be expected to have lower flow rates, than 
the fritted-glass disks In the Buchner funnels. Apparently, the thinner membrane, in 
spite of its smaller pore diameters, had less resistance to flow than the thicker ceramic 
plates. The advantages of high flow rates will be discussed in the following 
subsection, which describes one-step outflow procedures. 
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membrane filter) measured over a range of pressure potentials 
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One-Step Outflow 
With certain modifications, the device described could be used for the one-step 
outflow procedure (Kool et al., 1985). This procedure allows estimation of the hydraulic 
conductivity-water potential function in conjunction with the measurement of the water 
retention characteristic. Soil water diffusivity can also be calculated from one-step 
outflow experiments (Valiantzas, 1989). Since the rate of outflow is time dependent, 
reducing the impedance of the device used to establish a water potential gradient may 
improve the accuracy of the estimation of hydraulic conductivity or hydraulic diffusivity. 
Nylon-membrane filters may have lower impedance to flow than the ceramic plates 
used in Buchner funnels and Tempe cells. Low impedance gives high flow rates, 
which improve the estamation of hydraulic conductivity. 
In summary, the use of nylon-membrane filters in desorption apparatus provides 
an inexpensive and accurate method of characterizing the water retention 
characteristics of the soil. With the use of pressure transducers in the collection 
cylinders, the system can be modified to perform one-step outflow experiments to 
measure soil hydraulic conductivity or diffusivity. 
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GENERAL SUMMARY 
The papers presented in Sections I and II give support for concept of zonal 
management in that trafficked interrows had physical properties different from those of 
the plant rows and untrafficked interrows. Section I shows the influence of low-ground 
pressure tractors on physical properties. At the upper depth (50-125 mm), the cores 
from untrafficked and steel-tracked tractor plots had lower bulk density, less air-filled 
porosity, and a greater volume of macropores (> 60 diameter) than cores from the 
wheel-trafficked plots. The rubber-belted agricultural tractor was intermediate between 
the steel-tracked tractor and the wheeled tractor in ground pressure and response of 
bulk density, air-filled porosity, and pore-size distribution. At the lower depth (125-200 
mm), differences among tractors was minimal, but significant differences in bulk 
density, air-filled porosity, and pore-size distribution were found for untrafficked vs. 
trafficked cores. Ground pressures exerted by tracks or wheels diminish with depth in 
the soil profile. Thus, the differences among tractive device treatments that was 
observed near the surface may be partially a function of soil mechanics. However, the 
surface depth also received a field cultivation to a depth of about 100 mm, which 
resulted in less density and more porosity for all tractive device treatments compared 
with the lower depth. The low-ground pressure tractors do appear to reduce 
compaction compared with wheeled-tractors having similar power capability. 
The tillage and traffic study conducted on the Tama soil (Section II) indicated 
that the effect of wheel trafficking is similar across tillage systems, but differences 
existed in physical properties among other tillage and row position treatments. These 
treatment differences were also influenced by time, with the least compacted condition 
following tillage or cultivation. In 1987, physical properties were measured after 
planting and before harvesting to evaluate the changes occurring over the growing 
season. The lowest bulk densities and highest porosities were found for the chisel 
plow-untrafficked interrow after planting and the ridge-till plant row before harvest. The 
ridge-till plots received cultivation to build ridges that mounded loose soil over the row 
position. 
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Trafficking affects soils differently due to differences in texture, organic matter, 
drainage, etc. Both the Chequest and Tama soils are classed as silty clay loams, but 
the Chequest soil had nearly 17% sand and 40% clay compared with 3% and 30%, 
respectively, for the Tama soil. The greater amount of clay in the Chequest soil, along 
with its position in the Mississippi River flood plain, give the Chequest a poorly drained 
rating. The Tama is well drained and has such favorable structural characteristics that 
is has been nominated to be the state soil of Iowa. 
The measurements performed in both studies, bulk density, air-filled porosity, 
and pore size distribution, indicate that the Chequest soil tends to be more 
compactable than the Tama soil. The comparisons made in this section are only 
relative, since the statistical designs of the two experiments were not similar. The 
untrafficked bulk densities were 1.28 Mg m'^  for the Chequest and 1.10 Mg m'^  for the 
untrafficked interrow in the chisel plow plots of the Tama soil. The Chequest soil had 
fall moldboard plowing, while the closest tillage in the Tama experiment was the fall 
chisel plow with spring double disking. Although the ground pressure of the wheeled 
tractors used on the Chequest soil were greater than those used on the Tama, the 
bulk densities of the Chequest soil was also greater (1.50 vs. 1.37 Mg m"^). 
The air-filled porosity of the chisel plow plots of the Tama soil were also higher 
than those of the Chequest soil for both trafficked and untrafficked positions. 
However, the untrafficked air-filled porosity of the Tama soil in the ridge-till and no-till 
plots was lower than the Chequest, indicating that tillage can improve the porosity of 
soil with texture and drainage limitations. 
The macroporosity (> 60 fim pore diameter) of the Tama soil was greater for 
the chisel plow untrafficked interrows than for the untrafficked cores from the Chequest 
soil. For pores smaller than 60 iim diameter, the relative differences between 
untrafficked and trafficked cores were quite similar for the two soils, with the Chequest 
soil having slightly lower absolute values of porosity for a given pore size class. 
The differences in soil physical properties in the two soils has implications on 
the potential root growth as influenced by tillage or traffic. Zones with high bulk 
densities are not considered favorable for root growth (Jones, 1983). Also, soils with 
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less than 10% air-filled porosity have limitations in oxygen supply and removal of gases 
such as COg that negatively affect root growth (Erickson, 1982). Factors that influence 
root growth may also affect uptake of nutrients by the plant, particularly if roots are 
excluded from zones of compaction (Garcia et al., 1968). In addition, physical 
properties may also affect transformations (Linn and Doran, 1984) and movement of 
nutrients due to processes such as leaching of nitrates (Hamlett, 1986). Thomas and 
Phillips (1979) showed that much of the water that moves through macropores can 
bypass chemical species, such as nitrate, that are located in stagnant rather than 
mobile water (van Genuchten and Wierenga, 1976). Fertilizer placed on the soil 
surface may leach rapidly to some depth beyond what would be accounted for by 
piston flow. However, N that has been equilibrated with the soil solution and is held 
within aggregates is less subject to leaching. Therefore, soils with macropores may 
allow less leaching than unstructured soils, if the agricultural chemicals are injected 
subsurface and have some time to redistribute within the soil profile before a leaching 
event occurs. 
Thus the concepts of zonal management and the physical properties associated 
with row positions in a controlled wheel traffic system can have implications both for 
the efficiency of fertilizer use and for the fate of chemicals in the environment. The 
difference In soil condition may be exploited by placing fertilizer in zones that are 
favorable for root growth, but not favorable for leaching or denitrification. If fertilizer is 
placed in the plant row, it will be available for earlier uptake and less likely to be lost 
from the plant rooting zone. 
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